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Giardia duodenalis is an enteric protozoan parasite commonly found in humans and many other
animals around the world. The parasite is grouped into genetically related strains called assem-
blages which display differing degrees of host specificity. Although mixed assemblage infec-
tions have been documented the full extent of the occurrence and importance of mixed
infections remains to be characterized as current sequencing technologies lack the sensitivity
to readily detect mixed infections. Here we have developed a next generation amplicon se-
quencing (NGS) protocol and analysis pipeline for detecting Giardia assemblages using the
beta-giardin gene. NGS was validated using 37 isolates that included Giardia muris and six as-
semblages (A-F) of Giardia duodenalis obtained from seven different hosts. NGS was compared
to traditional PCR and direct Sanger sequencing for its ability to detect Giardia species, assem-
blages, and mixed assemblage infections. We demonstrate that NGS works as well as PCR and
Sanger sequencing for assemblage detection as the same assemblage was observed in all sam-
ples by both methods. NGS has the further benefit of detecting mixed assemblage infections,
low abundance assemblages, and intra-assemblage variation in samples which would have
been missed using direct Sanger sequencing alone. NGS represents a powerful new tool for ex-
ploring Giardia infections not only in infected hosts but also in environmental specimens which
may aide in understanding Giardia epidemiology.

Published by Elsevier Inc. on behalf of International Association of Food and Waterborne
Parasitology. This is an open access article under the CC BY-NC-ND license (http://
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1. Introduction

The protozoan Giardia is one of the most common enteric parasites in humans in the world. Infection can cause a variety of
intestinal symptoms including diarrhea, bloating, and malabsorption or may be asymptomatic (Feng and Xiao, 2011). It is esti-
mated to affect nearly 300 million people a year worldwide with 1.2 million cases a year occurring in the U.S. (Scallan et al.,
2011). Giardia is also a frequent parasite in animals including food animals, pets, and wildlife (Feng and Xiao, 2011). Both humans
and animals can shed large numbers of cysts during infection with fecal cyst shedding occurring for up to months at a time (Hoar
et al., 2009; Pickering et al., 1984; Rendtorff, 1954; Santín et al., 2009). The cyst form is environmentally hardy and can persist for
long periods in cool, moist environments facilitating transmission. The transmission of Giardia is via the fecal oral route, and
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human infections occur through a number of routes including direct contact with infected humans and animals and indirectly by
ingestion of cysts in contaminated food or water (Cacciò and Ryan, 2008).

Giardia is one of the most commonly reported etiological agents in waterborne outbreaks worldwide (Efstratiou et al., 2017). A
recent summary of all published waterborne outbreaks associated with protozoan parasites reported 905 outbreaks, and Giardia
was implicated in a third of those (293; 32.4%) (Efstratiou et al., 2017). Giardia cysts have been reported in diverse types of
fresh produce as well as in unpasteurized milk and shellfish (Dixon, 2015; Ryan et al., 2019). However, few Giardia foodborne
outbreaks have been reported and the total number of outbreaks is likely underestimated (Ryan et al., 2019).

Currently, there are eight valid species ofGiardia, namely:G. agilis,G. ardeae,G. cricetidarum,G. duodenalis (synonymsG. intestinalis
and G. lamblia), G. microti, G. muris, G. peramelis, and G. psittaci (Ryan et al., 2019). Among those species, G. duodenalis is the only one
that causes human infections. It is a species complex composed of eight assemblages (A-H) that aremorphologically indistinguishable
but that show consistent genetic uniqueness. The most commonly used genes to determine assemblages are small subunit (SSU)
rRNA, beta-giardin (bg), triosephosphate isomerase (tpi), or glutamate dehydrogenase (gdh) (Feng and Xiao, 2011). These assem-
blages display differing degrees of host specificity, Assemblages A and B show an unrestricted host range and are found in humans
as well as in a wide range of animals, while the remaining assemblages (C-H) have stricter host-specificity with Assemblages C
and D found in canids, Assemblage E in hoofed animals, Assemblage F in felines, Assemblage G in rodents, and Assemblage H in
seamammals. Assemblages A and B are frequently reported infecting humans and animals, and they can be transmitted zoonotically.
Zoonotic transmission is thought tomostly occur via hooved livestock andwild ruminants and less commonly involve companion an-
imals that are mainly infected with assemblages C, D, and F (Feng and Xiao, 2011). Although Assemblages A and B are themost com-
mon assemblages reported in humans, Assemblages C, D, E, and F have also been documented sporadically in humans further
confusing the degree of zoonotic transmission potential of Giardia (Cacciò et al., 2018).

Currently there is no standardizedmethod for themolecular detection of Giardia assemblages from fecal and environmental sam-
ples. Molecular characterization in epidemiology studies of G. duodenalis isolates relies mostly on sequencing fragments of SSU rRNA,
gdh, tpi, and bg genes (Cacciò et al., 2018). Real-time assemblage-specific PCR assays have also been developed for the detection of
assemblages A, B, and, E that are valuable in the detection of infections with mixed assemblages (Almeida et al., 2010; Elwin et al.,
2014; Van Lith et al., 2015). Several studies using one or more of these genes to detect Giardia assemblages have demonstrated
that mixed assemblage infections are common in human, animals, and water (Adell-Aledón et al., 2018; Geurden et al., 2008;
Gómez-Muñoz et al., 2012; Iijima et al., 2018; Lalle et al., 2005; Ramo et al., 2017; Sprong et al., 2009; Waldram et al., 2017). In
fact, mixed infections were found to range from 2% to 21% in molecular surveys of Giardia in humans from Australia, the United
Kingdom, India, Italy, and Ethiopia (Cacciò and Ryan, 2008). Furthermore, it is recognized that the occurrence of mixed infections
may be underestimated using current detection methods as a study using assemblage specific primers demonstrated that a large
number of mixed infections are not detected using conventional PCR and sequencing (Geurden et al., 2008). Given the potential im-
portance ofmixed assemblage infections in understanding the epidemiology ofGiardia, an improvedmethod for the determination of
mixed infections is needed. Understandingmixed infections and intra-assemblage variation within a sample is key from an epidemi-
ology and public health point of view to understand potential sources of infections and transmission and from a clinical point of view
to understand the wide range of clinical presentations and response to treatments during infection.

Next generation amplicon sequencing (NGS) allows for the generation of an immense number of individual sequences from a sin-
gle sample offering one potential tool for overcoming the limitations of conventional PCR and sequencing for detectingmixed assem-
blage infections and intra-assemblage variations. The giardin genes are unique to Giardiamaking assays targeting those genes highly
discriminatory. The bg gene is commonly used in molecular characterization of Giardia isolates as it can differentiate all eight assem-
blages of G. duodenalis and has the ability to capture intra-assemblage variability (Sprong et al., 2009). A high sensitivity for amplifi-
cation of bg has been reported in multilocus studies using tpi, bg, and gdh (Covacin et al., 2011; Soliman et al., 2011; Broglia et al.,
2013). In addition, the substitution rate for bgwas reported to be 0.03 substitutions per nucleotide (Feng and Xiao, 2011)which offers
appropriate variation for differentiation of Giardia species, G. duodenalis assemblages, and has the potential for detecting within as-
semblage variations. In this study, we have developed anNGS protocol and analysis pipeline for bg that was then applied to DNAs ob-
tained from 37 Giardia positive samples frommultiple hosts previously identified as G. duodenalis assemblages A-F and G. muris. We
further compare NGS and direct Sanger sequencing results to demonstrate the suitability of NGS for species and assemblage detection
and the ability of NGS to detect mixed assemblage infections and intra-assemblage variations.

2. Materials and methods

2.1. Specimens

A panel of 37 DNAs from fecal samples previously identified as G. duodenalis and G. muris positive was used in this study
(Table 1). Species and assemblage of each of the DNAs included in the panel were previously determined using PCR and direct
sequencing of the SSU rRNA gene with primers previously described (Hopkins et al., 1997). A total of 1 G. muris and 6, 5, 2, 6,
13, and 4, specimens assigned to G. duodenalis assemblages A, B, C, D, E, F, respectively were used.

2.2. PCR and Sanger sequencing

A ~500 bp fragment of the bg gene was amplified using a nested PCR protocol with primers previously described (Lalle et al.,
2005). The PCR mix consisted of buffer containing 1.5 mM MgCl2, 0.2 mM of each dNTP, 0.5 μM for each forward and reverse
2



Table 1
Information ofGiardia specimens used in this study (host/geographic origin) and identification ofGiardia spp. andG. duodenalis assemblages using the beta-giardin gene
by Sanger and next generation amplicon sequencing (NGS) (at 98% and 100% clustering).

Specimen
ID

Host Location Giardia species or
G. duodenalis
assemblage by Sanger

Giardia species or G. duodenalis assemblage by NGS (% of sample) (GenBank Accession No.)

Clustering 98% Clustering 100%

1 Cattle USA A A (100%) (MT713315) A (100%) (MT713315)
2 Cattle USA A A (100%) (MT713315) A (100%) (MT713315)
3 Cattle USA A A (62.0%) (MT713315)/E (38.0%) (MT713318) A (65.6%) (MT713315)/E (34.4%) (MT713318)
4 Cattle USA A/E A (64.9%) (MT713315)/E (35.1%) (MT713313) A (65.1%) (MT713315)/Ea (20.3%/14.7%)

(MT713313/MT713317)
5 Goat USA A/E A (72.5%) (MT713315)/E (27.5%) (MT713306) A (74.3%) (MT713315)/E (25.8%) (MT713306)
6 Goat USA A A (85.3%) (MT713315)/E (14.7%) (MT713306) Aa (78.5%/8.4%) (MT713315/MT713339)/E (13.1%)

(MT713306)
7 Chinchilla USA B B (100%) (MT713309) Ba (51.5%/48.5%) (MT713309/MT713324)
8 Human USA B B (100%) (MT713304) Ba (61.3%/38.7%) (MT713304/MT713323)
9 Human Colombia B B (100%) (MT713321) Ba (45.4%/27.3%/23.7%/3.7%)

(MT713321/MT713326/MT713323/MT713336)
10 Human Colombia B B (100%) (MT713321) B (100%) (MT713321)
11 Humanb USA B B (100%) (MT713310) B (100%) (MT713310)
12 Dog USA C C (100%) (MT713302) Ca (88.4%/11.6%) (MT713302/MT713331)
13 Dog USA C C (100%) (MT713305) Ca (71.7%/28.3%) (MT713305/MT713302)
14 Dog USA D D (100%) (MT713308) Da (43.4%/30.4%/12.7%/8.0%/5.4%)

(MT713308/MT713303/
MT713319/MT713334/MT713335)

15 Dog Colombia D D (100%) (MT713320) Da (72.5%/27.6%) (MT713320/MT713303)
16 Dog USA D D (100%) (MT713319) D (100%) (MT713319)
17 Dog USA D D (100%) (MT713319) D (100%) (MT713319)
18 Dog USA D D (83.3%) (MT713303)/C (16.7%) (MT713305) Da (54.4%/29.1%) (MT713303/MT713320)/Ca

(11.2%/2.8%/2.1%) (MT713305/MT713340/MT713302)
19 Dog USA D D (99.7%) (MT713320)/C (0.2%) (MT713302)

E (0.1%) (MT713311)
Da (68.1%/19.9%/11.9%)
(MT713320/MT713327/MT713308)/C (0.1%)
(MT713302)

20 Cattle USA E E (100%) (MT713311) E (100%) (MT713311)
21 Cattle USA E E (100%) (MT713311) E (100%) (MT713311)
22 Cattle USA E E (100%) (MT713307) Ea (48.7%/25.1%/14.1%/11.9%)

(MT713307/MT713317/MT713328/MT713313)
23 Cattle USA E E (100%) (MT713317) Ea (44.3%/22.4%/13.5%/9.3%/7.7%/2.7%)

(MT713317/MT713311/MT713329/MT713332/
MT713318/MT713337)

24 Cattle USA E E (100%) (MT713311) Ea (57.5%/34.8%/7.7%)
(MT713311/MT713322/MT713325)

25 Cattle USA E E (100%) (MT713318) E (100%) (MT713318)
26 Cattle USA E E (100%) (MT713311) Ea (70.5%/19.3%/10.2%)

(MT713311/MT713322/MT713325)
27 Cattle USA E E (100%) (MT713317) Ea (77.0%/23.0%) (MT713317/MT713311)
28 Cattle USA E E (100%) (MT713311) Ea (60.3%/32.8%/6.9%)

(MT713311/MT713322/MT713325)
29 Cattle USA E E (100%) (MT713322) Ea (47.9%/38.2%/13.9%)

(MT713311/MT713322/MT713330)
30 Cattle USA E E (100%) (MT713317) Ea (56.8%/33.8%/9.4%)

(MT713317/MT713311/MT713333)
31 Goat USA E E (100%) (MT713306) E (100%) (MT713306)
32 Goat USA E E (100%) (MT713318) E (100%) (MT713318)
33 Cat USA F F (100%) (MT713316) F (100%) (MT713316)
34 Cat USA F F (100%) (MT713316) F (100%) (MT713316)
35 Cat USA F F (100%) (MT713316) F (100%) (MT713316)
36 Cat USA F F (100%) (MT713312) F (100%) (MT713312)
37 Mouseb USA G. muris G. muris (100%) (MT713314) G. murisa (86.8%/13.2%) (MT713314/MT713338)

a Intra species or assemblage variation.
b Isolates (cysts) acquired fromWaterborne Inc. (NewOrleans, LA, USA); H3 isolate propagated in gerbils for sample #11 and Roberts-Thomson isolate propagated in

mice for G. muris for sample #37.
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primers, 1.25 μl BSA (0.1 g/10 ml), 2.5 U Taq, and 2.5 μl template in a 25 μl total reaction volume. The PCR reaction was performed
as follows: denaturation at 94 °C for 5 min followed by 40 cycles of 94 °C for 30 s, 65 °C for 30 s (primary PCR) or 55 °C for 30 s
(secondary PCR), 72 °C for 1 min, and a final elongation step of 72 °C for 7 min. Following amplification, PCR products were an-
alyzed using a QIAxcel (Qiagen, Valencia, CA). Amplicons were purified using Exonuclease I/Shrimp Alkaline Phosphatase (Exo-
SAP-IT™ Express, Applied Biosystems, Foster City, CA), and sequenced in both directions using the same primers as the secondary
PCR in 10 μl reactions, Big Dye™ chemistries, and an ABI 3130xl sequence analyzer (Applied Biosystems, Foster City, CA). Se-
quence chromatograms of each strand were aligned and examined with Lasergene software (DNASTAR, Inc., Madison, WI).
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2.3. Next generation amplicon sequencing library preparation

PCR amplification of the same bg gene fragment used for Sanger sequencing was performed with the exception that KAPA HiFi
HotStart ReadyMix (KAPABioSystems, Cape Town, South Africa) was used in both the primary and secondary PCR, and the
primers for the secondary PCR were modified to contain the Illumina overhang adapter sequences on the 5′ end; forward primer
ILMN_GiardinF 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAACGAGATCGAGGTCCG-3′ and reverse primer ILMN_GiardinR
5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTCGACGAGCTTCGTGTT-3′(adapter sequence underlined). The Illumina 16S
Metagenomic Sequencing Library Preparation protocol (Part# 15044223 Rev. B) was used for the remaining steps of library prep-
aration. Final libraries were quantified by Quant-iT dsDNA Broad-Range Assay Kit (Thermo Fisher, Waltham, MA) on a SpectraMax
iD5 (Molecular Devices, San Jose, CA) prior to normalization. A final pooled library concentration of 8 pM with 10% PhiX control
was sequenced on an Illumina MiSeq using 600 cycle v3 chemistry (300 base pair, paired-end reads) (Illumina, San Diego, CA)
following manufacturer's recommendations.

2.4. Bioinformatic analysis

Demultiplexing of raw bcl files was performed using Illumina MiSeq Reporter software. Paired end reads were then processed
and analyzed using an in-house pipeline which included the BBTools package v38.22 (Bushnell, 2014), VSEARCH v2.8.0 (Rognes
et al., 2016), and BLAST+ 2.7.1 similar to the pipeline previously reported (Maloney et al., 2019). Briefly, read pairs were merged,
filtered for quality and length, denoised, and checked for chimeric sequences. Clustering and the assignment of centroid sequences
to operational taxonomic units (OTU) was performed within each sample at both a 98% and 100% identity threshold. Low abun-
dance OTUs composed of less than 100 sequences were filtered out and another round of chimera filtering was performed within
each sample. OTUs were then blasted against a reference database consisting of all Giardia sequences available from NCBI with the
BLAST+ blastn command. BLAST results were filtered to remove hits below an alignment length of 400. All OTUs were assigned a
Giardia species and G. duodenalis assemblage based on the best match from the BLAST results. Negative controls were included in
sequencing runs and after bioinformatic analysis no Giardia OTUs were observed in the controls. All raw fastq files were deposited
to the NCBI sequence read archive under the accession number SRR12137346-SRR12137382. The nucleotide sequences for OTUs
obtained in this study have been deposited in GenBank under the accession numbers MT713302-MT713338.

3. Results

3.1. Sanger sequencing

After Sanger sequencing the bg gene of the 37 isolates included in this study two samples (#4 and #5) had the appearance of a
mixed infection with multiple double peaks leading to ambiguous base calls present in the sequence chromatogram (data not
shown). The other 35 samples appeared to contain a single unambiguous sequence.

3.2. Next generation amplicon sequencing

A total of 8,935,898 paired end reads was generated from the 37 Giardia positive samples included in this study. Following end
trimming and pair merging 3,288,494 reads were retained. After quality filtering, denoising, and the removal of chimeric se-
quences, 2,580,156 merged reads remained for use in operational taxonomic unit (OTU) generation. Two clustering identity
thresholds, 98% and 100%, were used in this study to determine species, assemblage level, and intra-assemblage level sequence
differences within individual samples. Clustering at 98% yielded a single OTU/Giardia species/assemblage in 31 of the samples.
Multiple OTUs/Giardia assemblages/assemblage variants were found in 6 of the samples with up to 3 OTUs in a single sample
(Table 1). Clustering at 100% yielded a single OTU/Giardia species/assemblage in 15 samples and multiple OTUs/assemblages/as-
semblage variants in 22 samples with up to 6 OTUs in a single sample (Table 1).

3.3. Comparison of Sanger sequencing and next generation amplicon sequencing

Six assemblages of G. duodenalis (A-F) and G. muris were successfully sequenced and identified using both Sanger and NGS
methods. In all samples the assemblage found by Sanger sequencing matched the most abundant assemblage observed in the
NGS results (Table 1). Additionally, in six samples NGS could detect the presence of mixed assemblage infections, while mixed
infections were only suspected in two samples based on the direct Sanger sequencing chromatograms.

A mixture of assemblages A and E was observed in two cattle (#3 and #4) and two goat samples (#5 and #6) at both clus-
tering levels (Table 1). Samples #4 and #5 were the only samples suspected to contain multiple assemblages by direct Sanger
sequencing with multiple peaks and ambiguous base calls present in the sequencing chromatogram (data not shown). The best
BLAST match for samples #3 and #6 from the Sanger sequence was assemblage A, while NGS detected both assemblages but
with a predominance of assemblage A (Table 1). The other two mixed infections were observed in dogs. For both samples
(#18 and #19), the Sanger sequence contained assemblage D and the chromatogram did not indicate the presence of a mixed
infection, while mixtures of C and D (#18) and C, D and E (#19) were observed in these samples using NGS. The assemblage
E observed in sample #19 was present at a low relative abundance and only detected using the 98% clustering threshold.
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There were 21 (98% clustering) and 39 (100% clustering) unique Giardia nucleotide sequences observed among the 37 samples
analyzed in this study. Multiple unique sequences were observed for all assemblages except for assemblage A and G. muris at the
98% clustering threshold, while multiple unique sequences of all assemblages and G. muris were observed at the 100% clustering
threshold (Table 2). With the exception of assemblage F, within-sample sequence variation was observed for all assemblages and
G. muris at the 100% clustering threshold with between two and six sequence variants of the same assemblage observed in indi-
vidual samples (Table 1). Assemblage E had the most unique sequences at both clustering thresholds (Table 2). This variability
occurred both within and between samples with up to six variants of assemblage E identified in a single sample using 100% clus-
tering (#23, Table 1).

4. Discussion

Giardia duodenalis is one of the most common intestinal parasites of humans, yet the molecular epidemiology of this parasite is
hampered by the inability of conventional sequencing techniques to detect mixed assemblage infections. Conventional PCR
followed by direct Sanger sequencing tends to only detect the most abundant parasite population which is preferentially ampli-
fied in the PCR. In the present study, NGS was applied to 37 Giardia positive samples representing six assemblages (A-F) of
G. duodenalis and G. muris. NGS was compared to conventional PCR and direct Sanger sequencing to determine the suitability
of NGS for both the detection of G. duodenalis assemblages and the detection of mixed-assemblage infections.

We found a high level of agreement between Sanger sequencing and NGS for assemblage identification. All 37 samples were
found to contain the same assemblage using both technologies (Table 1). And by NGS, the most abundant assemblage identified in
samples with mixed assemblages was the assemblage detected by Sanger. This agreement supports the use of NGS for assemblage
identification as no disparities between techniques was observed that might indicate a bias for an assemblage or the introduction
of erroneous sequence data due to the use of NGS. In fact, NGS successfully produced sequences with full length (511 bp) align-
ments to BLAST matches ranging from 99.6 to 100% identity to G. duodenalis nucleotide sequences available in the GenBank nu-
cleotide database further supporting the ability of this method to produce high quality sequences for assemblage level
identification for use in molecular epidemiology studies.

The advent of next generation sequencing technologies provides a potential new tool for exploring and understanding the oc-
currence and importance of mixed parasite populations in both individual and water/food samples. This topic has been explored
for several other enteric protist parasites including Blastocystis, Cryptosporidium, and Eimeria (Grinberg et al., 2013; Maloney et al.,
2019; Paparini et al., 2015; Vermeulen et al., 2016). These studies report varying degrees of within host parasite diversity, how-
ever one recurring theme is the superior ability of NGS to detect this type of diversity compared to conventional PCR and Sanger
sequencing. Indeed, the same trend was observed in this study. Mixed assemblage infections were observed in six samples, two
which were suspected from the Sanger sequence chromatogram and four which would have been missed entirely using only
Sanger sequencing. Future studies which aim to characterize the degree of Giardia species and assemblage mixing could clearly
benefit from the use of this technology.

The mixed assemblage infections observed in this study occurred in cattle, goats, and dogs. Cattle and goats were found to be
infected with both assemblage A and assemblage E (Table 1). This finding is in line with molecular epidemiological surveys in
cattle worldwide that have reported E as the predominant assemblage followed by lower frequencies of assemblage A (Ryan
and Zahedi, 2019). Mixtures of A and E have been previously reported in cattle and goats (e.g. Geurden et al., 2008, 2012;
Minetti et al., 2014; Santin et al., 2012; Tzanidakis et al., 2014; Yin et al., 2018). Likewise the combination of assemblages C
and D observed in one of the dog samples was not surprising as these two assemblages are commonly reported in canines
(Cacciò et al., 2018). Mixed assemblage C and D infections have been reported in dogs from Italy, Poland, and the United
States (Paoletti et al., 2015; Piekarska et al., 2016; Scorza and Lappin, 2017). However, these mixed infections were only detected
using multiple genetic markers with amplification preference for the different assemblages or presumed from the appearance of
the Sanger chromatograms. This issue further highlights an added advantage of NGS which can unambiguously detect mixed in-
fections using a single genetic marker. One mixed infection in a dog contained a combination of assemblage C, D, and E. In this
infection assemblage D represented the majority of sequences present, over 99% (Table 1). The ability of NGS to detect a mixture
of assemblages in this sample demonstrates the improved sensitivity of this method as two other assemblages present in very low
Table 2
Number of samples identified containing eachG. duodenalis assemblage orG.muriswith number of uniquenucleotide sequence of the beta-giardin gene identifiedusing
next generation amplicon sequencing at both 98% and 100% clustering thresholds.

Assemblage/species No. of samples positive No. of unique nucleotide sequences at 98% clustering No. of unique nucleotide sequences at 100% clustering

A 6 1 2
B 5 4 8
C 4a 2 4
D 6 4 7
E 16b 7 14
F 4 2 2
G. muris 1 1 2

a Two from mixed infection.
b Five frommixed infection.
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read abundance were also identified in this sample. In dogs, assemblages C and D are most frequently reported with sporadic re-
ports of A and B, indicating that dogs may be host to a variety of assemblages (Adell-Aledón et al., 2018; Cacciò et al., 2018). The
identification of assemblage E in dogs is unusual, but it has been previously reported in five dogs in China and a dog in Canada
(Julien et al., 2019; Li et al., 2015). Furthermore, given the low relative abundance of assemblage E sequences in this sample it is
also possible that the presence of assemblage E in this sample does not represent an active infection but may have been passing
through this host. It should be noted that assemblage E was only observed in this sample at the 98% clustering threshold. Because
this assemblage was present in such a low abundance in this sample, clustering at 100% identity split the OTU into multiple var-
iants of assemblage E all of which fell below the minimum established threshold of 100 sequences and were removed by the anal-
ysis pipeline.

Being able to distinguish between Giardia species and assemblages of G. duodenalis has important implications in understand-
ing the epidemiology of this parasite, while the ability to detect intra-assemblage variation could have important uses in source
tracking during outbreaks and studying environmental samples which could contain cysts from multiple hosts. An example of this
is wastewater or irrigation water studies. These types of samples most likely contain cysts from a wide range of sources, including
livestock and wildlife. Increasing our ability to unravel the potential diversity of Giardia genetic variants within these samples will
be key to understanding public health risks and potential source of contamination. To provide tools for achieving these goals, 98%
and 100% clustering thresholds were compared. The 98% clustering threshold was able to detect multiple assemblages of
G. duodenalis within a single sample with the most abundant sequence variant of each assemblage being reported. At the 98%
clustering threshold we observed 21 unique sequences among the samples included in this study with multiple unique nucleotide
sequences present for all assemblages except A and G. muris. However, no within-sample intra-assemblage variation was ob-
served. In comparison, when a clustering threshold of 100% was employed, within-sample intra-assemblage variation was com-
mon (Table 1). The number of total unique sequences among the samples increased to 39, and G. muris and all G. duodenalis
assemblages but F displayed intra-assemblage variation within individual samples (Table 1). In fact, up to six unique sequence
variants of assemblage E were observed within a single sample at the 100% clustering threshold while only a single unique se-
quence was observed using a 98% clustering threshold. Thus, clustering at 98% identity might be ideal for studies which aim to
define only the presence of individual assemblages within samples, and a 100% identity clustering threshold could be used
when SNP level differences could have important implications for the outcome of a study such as source tracking in outbreaks.

Often the multi-locus genotype studies using PCR amplification coupled with direct Sanger sequencing of the bg, gdh, tpi, and
SSU rRNA genes identified that an assemblage based on one locus differs from the identified assemblage based on another locus
(Feng and Xiao, 2011). These discrepancies have been associated with mixed infections combined with unintended selective am-
plification by PCR primers. In future studies, it will be interesting to incorporate additional loci using the NGS approach to better
comprehend the reason behind these discrepancies.

5. Conclusions

Giardia mixed assemblage infections are often overlooked in molecular epidemiology studies in part due to limitations in cur-
rent molecular detection techniques which frequently miss this type of infection. However, a better understanding of mixed as-
semblage infections and intra-assemblage variation could have important implications for understanding zoonotic potential and
transmission dynamics of G. duodenalis as well as pathogenicity and host response to infection. It can also assist with drug design
and vaccine development. There is a need for a more discriminatory typing tool and to fill that gap we have developed an NGS
method using the bg gene and demonstrated both its ability to accurately detect G. duodenalis assemblages from DNA samples
and to detect low abundance assemblages and intra-assemblage variation present in mixed infections. The application of this tech-
nique to study Giardia mixed infections in clinical and environmental samples from around the world will help to shed light on
the occurrence and importance of mixed assemblage infections that have been for the most part overlooked.
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